Herpes simplex virus type I (HSV-I) interfered with the adsorption of subsequently added homotypic but not heterotypic HSV, suggesting that the cellular receptors involved were type-selective. Both infective and u.v.-irradiated virus could block the attachment of virions to cellular surface receptors. The adsorption rate was studied by assaying non-adsorbed infective virus remaining in the fluid medium and cell-associated aH-thymidine labelled HSV, and HSV mutants assayed in presence of phosphonoformic acid (PFA). The adsorption profiles indicated that GMK AH-I, Vero and SIRC cells all exhibited more HSV type Ithan type 2-selective receptors while HeLa S 3 cells displayed more receptors with affinity for type 2 than for type I. On HEp-2 and human embryonic lung cells HSV type I-and type 2-selective receptors were about equally represented.
INTRODUCTION
The adsorption rate of herpes simplex virus (HSV) varies with different virus strains and cells (Kaplan, I969) suggesting that the various systems of cells and viruses exhibit differences in the density and affinity between cellular and virus structures involved in the attachment of virions to cells. Interference of sulphated polyanions with virus adsorption has been reported (Vaheri & Cantell, 1963; Nahmias et al. 1964) but the nature of the cellular receptor and the virus envelope structure essential for initiation of infection have not been explored. The HSV envelope seems pertinent for initiation of infection (Holmes & Watson, I963; Dales & Silverberg, t969 ) and a glycopeptide of the envelope plays an essential role in HSV induced cell fusion (Manservigi et al. I977 ) and in penetration of HSV (Sarmiento et al. I979) . It has been suggested that cell surface glycopeptides bear part of the cellular receptor for HSV type I (Lemaster et al. I978) . In the present study we report that in vitro cultured cell lines carry different receptors for HSV-I and HSV-2 on their plasma membranes. The density of the plasma membrane of these type-selective receptors and the predominance of receptors for type I or for type 2 seem to be cell line characteristics.
METHODS

Cells.
The following cell lines were used: three cell lines of human origin, human embryonic lung cells (HEL), HEp-2 (carcinoma of larynx, ATCC no. CCL 23) and HeLa S 3 cells (cervical carcinoma, ATCC no. CCL 2,2); two monkey kidney cell lines, GMK AH-I and Vero cells, and SIRC (rabbit cornea ATCC no. CCL 60). All cells were cultured as monolayers in 16 oz precipitation bottles with Eagle's minimum essential medium (MEM) supplemented with lo % calf serum, I oo units of penicillin and I oo #g of streptomycin per ml. For maintenance the same medium supplemented with only 2 % serum was used. Cell counting was performed as described previously (Vahlne & Lycke, 1977) .
oo22-1317/79/oooo-351t $02.00 © I979 SGM A. VAHLNE, B. SVENNERHOLM AND E. LYCKE Viruses. The HSV-I strain, F, was kindly supplied by Dr B. Roizman, and the KJ 5o2, 9oo93/77 and 90566/77 strains were isolated in our laboratory. The HSV-2 strains, B4327 UR and 7875 were obtained from Dr S. Jeansson and strains 90222/77 and 9oi2I/77 were isolated in our laboratory. The strains were plaque purified and typed (Vahlne et al. I975) , including typing by immuno-electro-osmophoresis against type-specific antisera (Jeansson, 1972) . Two additional strains, 91076/77 (type I) and 90498/77 (type 2), isolated in our laboratory, were passaged four times on GMK AH-I cells in the presence ofo-25 mM-PFA. Using a limiting dilution procedure, PFA~resistant mutants were selected (Svennerholm et al. I978) . The PFA-resistant mutants, 91o76 PFAR and 90498 PFAR, were used in some of the adsorption experiments.
PIaque-titrations of HSV were carried out in GMK cells grown in 5 cm plastic dishes as described previously (Lycke & Roos, 1972) . HSV was labelled with 3H-thymidine and purified according to techniques reported earlier (Vahlne & Blomberg, I974) . The F strain, 30 ml with I × [o 7 p.f.u./ml, was chromatographed on a Sepharose 2B column. Of I4 fractions collected, two, appearing near the void vol., contained most of the radioactivity. These two fractions were pooled and further treated by isopycnic centrifuging in a Silica gradient. The banded material, 0"6 ml and 4 × 1o5 ct/min (o.2 ct/p.f.u.) was used. Electron microscopy demonstrated a 4: I ratio between enveloped and non-enveloped virus particles. Radioactivity was assayed in a scintillation counter using Insta-gel (Packard) as the liquid scintillator.
Irradiation of virus. U.v.-irradiation of HSV suspensions (4 ml in a 5 cm plastic dish) was performed for 3 min using an Osram HNS 3o-W emitter at a distance of Io cm to obtain suspensions with reduced infectivity.
Adsorption of virus. Adsorption studies of HSV-I and HSV-2 were performed with suspended cells as described previously (Vahlne & Lycke, I978) , assaying the disappearance of infective virus from the culture medium or the amount of radiolabelled virus associated with the cells. The suspensions of cells were obtained by means of trypsinization and EDTA (200/*g/ml, Triplex III, Merck, in phosphate-buffered saline, pH 7.2). The cells were washed three times in Eagle's MEM, to avoid effects of trypsinization on HSV adsorption. The washed suspended cells were allowed to rest in maintenance medium for 2 h at 37 °C before use in adsorption studies.
RESULTS
Adsorption of HSV type I and type 2 to GMK AH-I cells
A suspension of GMK AH-I cells, 5 × loe cells in 0"9 ml of pre-warmed maintenance medium, was added to sterile plastic tubes and inoculated with o.I ml of the HSV strains used (titres ranging from 2.6 × io 6 to 3"9 × 107 p.f.u, for type I strains and from 6"3 x lo 5 to 1.5 × Io v for the type 2 strains). Samples were drawn immediately after the addition of virus and then after intervals of 15, 30 and 60 rain. During this time the suspensions were agitated in a waterbath at 37 °C. The samples 0oo #g) were added to 9"9 ml vol. of cold medium and centrifuged for l o min at l OOOg. The contents of infective Virus in the supernatants were titrated. As controls cell-free specimens were inoculated and treated as described above. Fig. I shows adsorption profiles of type I and 2 virus strains. The type I strains adsorbed more efficiently than the type 2 strains to GMK AH-I cells. Only minor differences were detectable among the type I and the type 2 strains, respectively, indicating that typespecificities rather than.strain-properties were dominating.
Two kinds of additional control experiments were performed. The virus suspensions were diluted before virus was allowed to adsorb to the cells. Results with Io-fold more HSV-I than HSV-2 and vice versa revealed no influence on the adsorption pattern. Artefacts due to differences between the virus types in sensitivity to proteolytic enzymes possibly released to the suspending medium from the cells were excluded by comparing the stability of the virus strains in medium to which cell sap cleared by centrifugation was added.
Evidence of HSV type-selective receptors on GMK AH-I cells
If receptors with greater preference for type I than type z strains of HSV were present on the plasma membrane of GMK AH-I cells, pre-treatment of the cells with one type of virus should influence the adsorption rate of the other type, subsequently added to the cells. This possibility was studied in three series of experiments using u.v.-inactivated virus, PFA-resistant strains and 3H-thymidine labelled virus.
Cell suspensions (5 × Io5 cells in o'9 ml) were incubated for ~5 min at 37 °C with u.v.-irradiated type I (strain F) or type 2 virus (strain B 4327 UR), or with cell culture maintenance medium only. The initial infectivity of the virus suspensions (x × IO 7 to 5 × to7 p.f.u./ml) had been reduced with 4 to 5 log units of p.f.u./ml by the irradiation. The cells were pelleted by low-speed centrifugation and resuspended with irradiated virus. This procedure was repeated altogether six times. Thus, the amounts of virus added each time to the cells corresponded to a m.o.i, of 2o to xoo p.f.u, of non-irradiated, infective virus per cell.
After a final washing, adsorption of infective, homotypic or heterotypic virus to the A. VAHLNE, B. SVENNERHOLM AND E. LYCKE Fig. 2 demonstrate that irradiated HSV type I virus inhibited adsorption of HSV-I but not of HSV-2. In agreement, irradiated HSV-a did not inhibit adsorption of heterologous type I virus but blocked the attachment of type 2 (Fig. 3) Although the GMK AH-r seemed to possess relatively few type 2 selective receptors the inhibition of HSV type 2 by interference with homotypic virus could be demonstrated.
In another series of experiments GMK AH-I cells were treated with the PFA-sensitive strains, F and B 4327 UR, of HSV types I and 2, respectively. The procedure used was the same as the one described above with u.v.-irradiated virus. The treated cells were then exposed to PFA-resistant type I or type 2 virus (the 91076 PFAR and 90498 PFAR mutants) and the adsorption patterns of the resistant mutants were observed by plaquing non-adsorbed virus in the presence of trisodium PFA (0-25 raM) in the culture medium, a concentration known to inhibit replication of PFA-sensitive HSV efficiently. The results (Fig. 4) A and A _--i, cells primarily exposed to culture medium only, adsorption of the PFA-resistant HSVq and HSV-2 mutants; V~V, cells primarily exposed to strain B 4327UR (type 2), adsorption of PFA-resistant HSVq ; V---V, cells primarily exposed to strain F (type i), adsorption of PFA-resistant HSV-2; O -©, cells primarily exposed to strain F (type I), adsorption of PFA-resistant HSV-I ; @---@, cells primarily exposed to strain B 4327UR (type 2), adsorption of PFA-resistant HSV-2. Fig. 5 . Inhibition of adsorption to HSV-I to GMK AHq cells by homotypic HSV. Cells were exposed to HSV-I, strain F, or HSV-2 strain B 4327UR according to the experimental procedure outlined in the legend to Fig. z . Subsequently, SH-thymidine labelled HSV-I (F) was added to the cells, samples were taken after time intervals ranging from 2 to 60 min and cells and fluid separated by centrifugation. Radioactivity of cell-associated virus was assayed and plotted against time of adsorption. ©--O, all-activity of cells primarily exposed to non-labelled HSV-I; @---@, nil-activity of cells primarily exposed to non-labelled. HSV-2.
Strain F was labelled with aH-thymidine. Labelled HSV was added to cells pre-treated with non-labelled virus for blocking of cellular receptors. After intervals ranging from 2 to 60 min the cells were pelleted and cell-associated radioactivity was assayed (Fig. 5) 
Predominance of HSV-2 receptors on HeLa cells
The same type of experiment as that described above with GMK AH-I cells was performed with suspensions of HeLa cells. Fig. 6 demonstrates that HeLa cells, in contrast to GMK cells, adsorbed HSV-2 strains more readily than H SV-I, suggesting that surface receptors on the HeLa cell line studied displayed affinity for HSV type 2. As found with the GMK cells the adsorption profiles with HeLa cells emphasized a difference between the two types rather than between strains of the same type. The HeLa cell receptors, thus mainly seemed to be type 2 selective. This assumption was supported by findings that u.v.-inactivated homotypic but not heterotypic virus inhibited adsorption of subsequently added infective HSV (Fig. 6) .
Relative density and representation of HSV-1 and HSV-2 receptors on cells of some different lines
The HSV-I and HSV-2 adsorption profiles on the human, simian and rabbit cell lines studies were compared. The patterns observed (Fig. 7) suggested that GMK AH-I and Vero cells predominantly were carrying HSV-I receptors, while HeLa cells constituted the other extreme and demonstrated more type 2 than type I virus receptors. Human embryonic lung fibrobtasts and HEp-2 cells seemed to adsorb HSV-I and HSV-2 equally well. The rabbit cell line (SIRC) displayed more type I than type 2 receptors. Statistically significant (Frenkel et al. I975) . We suggest that blocking of cellular surface receptors by defective virus might be an additional mechanism responsible for interference between defective and non-defective HSV.
Four major HSV glycoproteins are recognized (Spear, I976) , They are assumed to participate in the initiation of the HSV infection. If viral glycoproteins are functioning in attachment of HSV to cells, the occurrence of HSV type-selective cellular receptors would indicate that the glycoprotein(s) involved were type-specific. One of the HSV-I glycoproteins designated VP 7 (B~) plays an essential role in cell fusion and penetration (Manservigi et al. I977) but this glycoprotein is type-common and does not seem to be involved in attachment (Sarmiento et al. 1979) . Another, VP 8 (C2), which is one of the two HSV-I type-specific glycoproteins, does not seem to be required for virion infectivity because mutants failing to produce VP 8 (C~) can produce infectious virus (Sarmiento et al. 1979) . VP 8"5 (A) is a type-common glycoprotein which has been considered to interact with lipids in membranes and other components (Spear, I976) . Finally, the biological properties of VP 18 (D2), the second typespecific HSV-I glycoprotein, are unknown. This glycoprotein seems at present to be the most probable virus envelope component involved in attachment of herpes simplex virions to the plasma membrane.
It is well known that cellular receptors for different serotypes of a virus may overlap and that both individual and common properties might be demonstrable. Our results do not exclude the presence of receptors with capacity to adsorb both serotypes of HSV but emphasize that at least some of the cell lines studied demonstrated dominance of receptors with affinity for one of the HSV types. Probably the relative amounts of HSV-I and HSV-2 selective receptors on the plasma membrane are characteristics for a particular cell line. Interestingly, HeLa cells derived from a human cervical carcinoma adsorbed HSV-2 better than HSV-I and the rabbit cells known to demonstrate lower particle/p.f.u, ratio for type I than for type 2 displayed relatively more type I than type 2 selective receptors.
A greater or lesser susceptibility of experimental animals to HSV infection might reflect i.a. species-dependent receptor differences and it is not unlikely that receptor differences between various organs might play some pathogenetic role. We have reported that nerve cell bodies fractionated from dissociated rabbit, rat or mouse brain tissues carried relatively fewer HSV receptors than glial cells and synaptosomes . We assume that possibly a relative abundance of receptors in the nerve terminals might facilitate initiation of infection and spread of HSV in the nervous system and that scarcity of receptors on the perikaryon might contribute to the development of the latent HSV infection. These assumptions are, however, as yet merely speculative.
